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Introduction
Extracorporeal membrane oxygenation (ECMO) is a member of a family of extracorporeal support techniques ( extracorporeal life support [ECLS] ) that provides support of gas exchange and circulation to patients with cardiac and/ or pulmonary failure. Introduced into clinical practice over 40 years ago, ECMO is a prototypical example of translational research to support patients with advanced cardiopulmonary failure. A key component of ECMO is the transport of oxygen into blood across a semipermeable membrane. This phenomenon was first recognized in 1944 when Kolff et al noted that blood became oxygenated as it passed through the cellophane chambers of their artificial kidney. 1 Modern artificial membrane lungs are capable of providing sufficient transfer of oxygen and carbon dioxide to fully support patients.
ECMO is indicated when the patient has an acute, potentially reversible, life-threatening form of respiratory or cardiac failure that is unresponsive to conventional therapy. It is most commonly used as a bridge to recovery in severe respiratory failure, because no long-term support devices such as implantable artificial lungs are currently available. Its use as a bridge to lung transplantation in irreversible lung disease is a growing indication. When used for cardiac support, it can be used for bridge to recovery, but also as a bridge to long-term support with devices such as ventricular assist devices (VADs), or to transplantation.
Extracorporeal membrane oxygenation (ECMO) provides support for cardiac and pulmonary failure, and it was introduced into clinical practice over 40 years ago. The translation of surgical extracorporeal circulation into long-term support was enabled by the development of efficient, biocompatible artificial lungs and blood pumps. Early clinical trials in adult patients did not support clinical benefit in acute respiratory failure, but they were plagued by lack of center experience, older approaches to management, and lack of understanding of ventilator-induced lung injury. Recent clinical trials and retrospective studies, however, suggest a benefit in selected patients. Three neonatal trials for respiratory failure led to ECMO as a standard of care in this population, as well as in the pediatric population despite lack of controlled trials. Cardiac support with ECMO took a foothold in the management of pediatric congenital heart disease in the perioperative period, and subsequently expanded to adult cardiac failure for both perioperative and nonsurgical indications. Presently, ECMO is used to support a variety of etiologies of cardiac and pulmonary failure in all age groups. Expanding indications include support of septic shock, cardiopulmonary arrest, and donation after cardiac death, as well as bridging patients with chronic disease to transplant or long-term support devices. The future is focused on developing integrated support systems, overcoming the requirement for anticoagulation, and perfecting long-term implantable or paracorporeal pulmonary support systems.
Historical Perspective
As experience with extracorporeal circulation developed during the 1950s to support cardiac surgery, it was obvious that the life-supporting technique itself became lethal when used for more than a few hours. Thrombocytopenia, coagulopathy, hemolysis, generalized edema, and deterioration of organ function all occurred in proportion to the amount of time on cardiopulmonary bypass. The experiments of Lee et al, 2,3 Dobell et al, 4 and others indicated that the direct exposure of blood to oxygen gas was largely responsible for this apparent toxicity. These observations prompted the development of an artificial lung in which a gas-permeable membrane was interposed between the blood and the gas phase. Observation of blood in the Kolff artificial kidney, in which the blood was separated from the environment by a cellophane membrane, indicated that venous blood could become oxygenated if a suitable gas-permeable membrane were developed. 1 The first successful membrane oxygenator was built by Clowes et al. 5 They used sheets of polyethylene membrane that had a low but definite permeability to oxygen and carbon dioxide (CO 2 ). By using a very large surface area, a device was built, which allowed gas exchange without a direct gas interface, and this hand-made device was used for cardiac surgery in patients in 1956.
The development of dimethylpolysiloxane membranes by Kammermeyer in 1957 was a major advance. 6 This unique material allows for the transfer of CO 2 and oxygen at rates that were more than 10 times greater than those through other plastics. Using this new plastic (also referred to as "silicone rubber"), Kolobow et al, 7 Landé et al, 8, 9 and others constructed blood oxygenators that were quite efficient and successful.
Diffusion limitation of oxygen through boundary layers in the blood phase was a performance barrier in early artificial lungs, and the use of secondary flows to address this problem was studied by Weissman and Mockros, 10, 11 Bartlett and Drinker, 12 and others. With the collaboration of the medical industry a series of membrane lungs became available for clinical trials and general usage. Kolobow and Zapol, 7 Bartlett et al, 12 and others demonstrated that extracorporeal circulation of the blood could be performed for days or weeks without toxicity or hemolysis as long as the direct blood-gas contact was avoided. Beginning with Gibbon, all the studies on extracorporeal circulation have been conducted with the use of heparin anticoagulation at a dose sufficient to produce an infinitely long clotting time. Bartlett et al 12 demonstrated that much lower doses of heparin could be used, producing prolonged but measurable clotting time which minimized bleeding complications. Several groups studied the management and physiology of prolonged extracorporeal circulation in a variety of animal models. [13] [14] [15] [16] With these improvements in the equipment and technology of cardiopulmonary bypass, it was possible to characterize physiologic and hematologic responses of the normal animal during prolonged extracorporeal circulation. Several investigators demonstrated that extracorporeal circulation for days was possible without causing significant injury to normal animals. Hemodynamics was easy to regulate. Acidosis, capillary permeability, and organ deterioration that often plagued cardiopulmonary bypass in the operating room did not occur. Bleeding was minimal with adequate control of heparin. Hemolysis was negligible. Thrombocytopenia inevitably occurred but was manageable. All these studies in the animal laboratory showed that the technique was feasible, and they provided the background for early clinical trials.
In 1976, Bartlett and colleagues successfully applied bedside extracorporeal support to treat a newborn with meconium aspiration, marking the beginning of ECMO in critical care. 17 This was the era in which intensive care units were being introduced, hemodialysis was becoming more widely used, and positive-pressure ventilation was better understood. Infants, children, and adults were surviving cardiopulmonary insults that once were fatal. Acute respiratory distress syndrome (ARDS) emerged as a major problem in the intensive care unit (ICU) population.
Clinical Trials
Several clinical trials published demonstrating clear survival benefit in infants suffering from severe respiratory failure. [18] [19] [20] Early randomized controlled studies in adults with ARDS demonstrated no such benefit, 21, 22 but smaller studies and case reports emerged with reports of more than 50% survival in those treated with ECMO, in addition to maximal ventilatory management. 23, 24 In 1989, the Extracorporeal Life Support Organization (ELSO) was formed and the ELSO registry database established.
Current Technology and Patient Management
Inherent in the use of advanced support technology is the risk of the equipment and the associated patient management. It is likely that the equipment used in the early years of ECMO and the lack of understanding of concepts such as ventilator-induced lung injury contributed to the poorer outcomes than seen today.
Early ECMO was performed with circuits that comprised a high extracorporeal volume, high surface area, and components that were incompatible with blood, resulting in significant complement and platelet activation and systemic inflammation. Vascular access was obtained by surgical cutdown often using thoracotomy tubes, since dedicated vascular cannulae for peripheral access did not exist. Anticoagulation levels were kept high due to the higher thrombogenicity of the circuit, and bleeding complications were profound by today's standards. Blood loss of 1.5 to 1 L/d was not uncommon. 21 Substantial improvement in equipment has ensued over the past 40 years. Vascular access is now typically percutaneous using thin-walled cannulae with antithrombotic coatings. Introduction of the dual-lumen cannula allowing for single-site cannulation has simplified venovenous support for respiratory failure. This approach also permits awaking and mobilizing patients, now increasingly recognized ECMO in Critical Care Conrad, Rycus as important conditioning steps to recovery. Bleeding from access sites is now distinctly uncommon, and the need for blood transfusions has dropped considerably. Some patients may be managed without blood transfusion. The original metal Bramson artificial lung was replaced by the solid silicone lung (with no air-blood interface), which dominated the field until recent years. Current oxygenators are constructed of hollow fibers with low-resistance, high-efficiency, and low priming volume. The new generation of centrifugal blood pumps have low priming volume, low risk of hemolysis, and can run for weeks without need for replacement. Antithrombotic coatings reduce the level of systemic anticoagulation and greatly reduce bleeding complications.
Clinicians now have a better understanding of managing the failing heart and injured lungs, leading to a greater chance of recoverability. The concepts of protective lung ventilation were not introduced until after the NIH 21 and Morris 22 trials. Patients in these trials were subjected to injurious levels of ventilator support. These protective concepts were developed by the time of the CESAR (Conventional ventilatory support versus Extracorporeal membrane oxygenation for Severe Adult Respiratory failure) trial, and they likely played a part in the improved outcome.
Applications
Present-day applications of ECMO include the traditional uses for support of cardiac and respiratory failure. Cardiac ECMO is used in the neonatal and pediatric populations for several indications, including postoperative congenital heart support and acute myocarditis. In the adult population, it is rapidly becoming the preferred acute short-term therapy for postcardiotomy syndrome as well as acute myocarditis as a bridge to recovery or to decision. VADs are now being reserved for bridge to transplant or destination, although some patients recover enough function during support to have their VAD explanted. Support of respiratory failure remains the most common indication for ECMO. Historically it was used for patients with acute reversible respiratory failure with expected recovery, and this still remains its most common application. With recent improvements in technology, in particular with dual-lumen single cannulation of the internal jugular vein, patients are being supported to transplant. With current management, patients can participate in physical rehabilitation, including ambulation, thereby improving their ability to successfully undergo transplantation.
Extracorporeal Cardiopulmonary Resuscitation
Extracorporeal cardiopulmonary resuscitation (ECPR) entails the rapid deployment of femoral venoarterial ECMO in patients not responding to conventional CPR. ECPR is one of the most rapidly growing segments of ECLS as reported to the ELSO registry. In the interval of 2012-2015, 869 neonatal, 1,106 pediatric, and 1,337 adult cases were reported. This number under-represents the actual number, as several centers performing ECPR are not reporting data to the ELSO registry. 25 Rapid deployment is facilitated by recent technological improvements, including hollow fiber oxygenators with centrifugal pumps, which can be rapidly primed with crystalloid solutions. Results for in-hospital cardiac arrest are encouraging, whereas its use in out-of-hospital arrest, traditionally associated with poor outcomes, shows potential. 26 The challenge in the latter may be in selection of patients and activating the full chain of survival from EMS to interventional cardiology, as in-hospital arrest is usually witnessed, whereas out-of-hospital often is not.
Present Day
Early adoption as a widely accepted support modality occurred in severe neonatal respiratory failure following the publication of prospective clinical trials [18] [19] [20] and in pediatric cardiac failure, particularly in the perioperative environment. 27, 28 It subsequently became increasingly adopted in pediatric respiratory failure 29 and adult cardiac support with apparent success but without prospective studies. Use in adults for respiratory failure was not widely adopted until recently, following publication of the CESAR trial 30 and reports from the H1N1 epidemic suggesting a survival benefit. 31, 32 Currently, the most rapidly growing applications of ECMO is to provide circulatory support to patients in cardiac arrest (ECPR) 33 and short-term circulatory support.
The ELSO maintains a registry of ECLS cases reported by its members of health care organizations, which currently number more than 300 and represent a global cross section of ECLS (►Table 1). The number of actual cases worldwide is likely much higher as the ELSO participation is voluntary, and the registry does not capture all cases performed.
Future of Extracorporeal Membrane Oxygenation
The driving force for the future of ECMO will likely be improvements in technology. Miniaturization and automation of support systems will move ECMO from an extraordinary therapy to the current status enjoyed by continuous renal replacement therapy, with nurse-driven bedside management. A large step in this direction has been realized in the commercial production of small integrated systems ( CardioHelp, Maquet). Newer technology will need to address mobility of patients and even permit excursions outside of the hospital (a feat that has already been accomplished). Future systems and changes in practice paradigms will allow for use of ECMO as a replacement for mechanical ventilation. Some ECMO centers actively pursue extubation of patients on ECMO, removing a source of further injury and infection. It is not inconceivable that ECMO could be first-line therapy in selected patients, avoiding intubation altogether. This is particularly true for hypercapnic respiratory failure, such as chronic obstructive pulmonary disease (COPD) exacerbation, for which dedicated CO 2 removal systems are currently hitting the market.
The greatest hurdle remaining is perhaps anticoagulation. Today's antithrombotic coatings can reduce heparin requirements but not eliminate its use, requiring the use of complex monitoring and anticoagulation management. Advanced circuit coatings have the potential to eliminate this restriction altogether. Promising coatings such as nitric oxide-releasing coatings are currently under development and show promise in preclinical studies.
Another exciting extension of ECMO is the artificial implantable lung for destination therapy of chronic heart failure. In this capacity, blood would be pumped by the right ventricle, eliminating the need and problems of a blood pump. Animal experiments clearly demonstrated the feasibility, yet work remains on optimal hemodynamic configuration, oxygenator design, and antithrombotic coatings. With continued development, these advances should be realizable in the not-too-distant future.
Conclusion
Currently, ECMO is used for severe heart and lung failure in all ages, primarily in reversible disease but expanding to bridging to long-term support devices or transplantation. Research is focused on improving anticoagulation and devices, defining indications, and exploring new applications such as septic shock, ECPR for cardiac arrest, and extracorporeal support for donation after cardiac death (DCD) to salvage organs for transplantation. Laboratory research has continued as clinical practice proceeded, and it currently includes an artificial placenta for very premature infants 34 and four versions of implantable, wearable lungs for chronic support. 
